Abstract: Reflective insulation stands as an alternative to common building materials used to reduce a building's heating and cooling loads. In this work, an experimental prototype chamber facility has been designed and constructed at the campus of the Technological Educational Institution of Halkida, located in an area of climatic zone B in Greece, aiming to the evaluation of reflective insulation's performance. Reflective insulation is a part of the test room wall construction, specifically, heat insulation material of the vertical wall construction all directions (North, South, East, West), and temperature and water proofing element of the roof. Measurements were obtained for both winter and summer periods. Results indicate that the existence of reflective insulation during summer period averts the overheating at the interior of the experimental chamber, while during winter the heat is retained in the chamber.
Introduction
It is widely recognized that the building sector can play a crucial role in the efforts towards sustainable development. Energy consumption of the building sector is high and although the situation differs from country to country, buildings are responsible for about 30-40% of the total energy demand [1] . This includes energy used for controlling the climate in buildings and for the buildings themselves, but also energy used for appliances, lighting and other installed equipment. The building sector therefore offers the largest potential for energy savings, which in turn will reduce its negative impact on the environment. * E-mail: mvrachop@teihal.gr
The importance of energy conservation in the building sector in the European Union is depicted from the EPB Directive 2002/91 of the European Parliament and of the Council on the energy performance of buildings [2, 3] . The Directive indicates the necessity and possibility of savings through the implementation of standard energy efficiency methods and innovative technologies, including renewable energy. In Greece, the recent law 3661/2008 on "Measures for the reduction of energy consumption in buildings" [4] which harmonizes the Greek legislation with the EPB Directive imposes that energy consumption reduction measures should be made compulsory for all new buildings and renovated buildings under specific restrictions. Greek households in 2007 consumed 5.3 Mtoe against 3.1 Mtoe in 1990 [5] ; namely a 72% total growth in households energy consumption and a 3.1% increase of households energy share. Between 1990 and 2007, the energy efficiency index in the household sector decreased substantially by 23.8%, which means a remarkable improvement of energy efficiency. energy efficiency. This increase of energy efficiency is attributed mainly to the continuous replacement of the old building stock with newer dwellings based on the strict requirements of new building regulation, better insulation and more efficient household electrical appliances.
The climate in Greece is typical of the Mediterranean climate: mild and rainy winters, relatively warm and dry summers and, generally, extended periods of sunshine throughout most of the year. The variations in climatic conditions influence on one hand the energy demand and consumption of buildings, and on the other hand the measures concerning potential and cost-effectiveness of energy conservation and those related to the exploitation of renewable energy solutions. Greece is divided in four climatic zones, namely A, B, C and D, depending on external temperature during winter and the duration of heating period.
The energy efficiency requirements of the building thermal envelope have been the first to be regulated and they are today an essential part of nearly all regulations for energy efficiency in new buildings. Building shell includes external walls, floors, roofs, windows, doors, etc. Among the possible measures that can be applied is thermal insulation that has increased significantly in recent years, in both hot and cold climates, and has become mandatory in many countries. Standard types of insulation, such as fiberglass, foam, and cellulose primarily reduce heat transfer by trapping air or some type of a gas [6] and they reduce convection as a primary method of reducing heat transfer. However, they are not as effective in reducing radiant heat transfer, which is often a primary mode of heat transfer in the building thermal envelope.
Reflective insulation offers an alternative to common bulk materials used to reduce a building's heating and cooling loads [7] . It reflects almost all of the infrared radiation striking its surface and emits very little of the heat conducted through it, thus it is an effective barrier against radiant heat transfer. Typical products include aluminum foils or films laminated to kraft or cardboard, polymer foams, etc. Aluminum is very effective in reducing radiant heat transfer and in general the metalized and foil materials commonly used in reflective insulation reduce radiant heat transfer by as much as 97% [7] .
This work aims to provide additional insight into the performance of reflective insulation when it is applied in a typical area of climatic zone B in Greece. A test room facility has been designed and constructed aiming to the evaluation of reflective insulation's behavior for both summer and winter periods. The climatic zone is characterized by the size of the incident radiation and the existing sunshine. In these terms the zone influences the developed temperatures in the composite walls with the reflective insulation (and especially close to the reflective insulation area). As a result, during summer a higher outflow of the incoming heat is expected. In areas with lower levels of radiation due to the decreased environmental temperature during winter and the high temperature of heated places the same effect occurs but in the opposite direction (from inside to outside). Research work will be carried out through various steps. At the current step, the outer surface of the test room wall construction is not covered with plaster. Temperature measurements have already been conducted so as to obtain a clear understanding of the reflective insulation behavior for this configuration. Experimental results show that the existence of reflective insulation during summer period deters the overheating at the interior of the test room.
Reflective insulation basics
A reflective insulation system is formed by a combination of low emittance surfaces and air spaces that provide reflective cavities which have low levels of radiant energy transmission [7] . Some reflective insulation systems also use other layers of materials such as paper or plastic to form additional enclosed air spaces. The smaller the air space, the less heat will transfer by convection. The air spaces, which may be layered or closed-cell, can be included in the system either when the product is manufactured or while it is being installed. In either case, the advertised performance of the insulation requires that these air spaces be present after the product is installed.
The reflective property as a characteristic of heat transfer by radiation, guides heat to the warmer side. Based on that behavior, during winter heat reflection takes place from outside to inside and during summer period it takes place from the inside to outside environment.
Its performance depends on a number of factors [7] [8] [9] including the radiation angle of incidence on the reflective surface, temperature difference between the spaces on both sides of the reflective material, material emissivity, thickness of the air space facing the reflective material, and heat flow direction. There are other beneficial considerations for using reflective insulation. It has a very low water vapor and air permeance. When installed properly, with joints taped securely, reflective insulation materials are efficient vapor retarders and an effective barrier to air and radon gas.
Various researchers have studied the application of reflective insulation in the building envelope [10] [11] [12] , however, most of the studies concern its application only at building roofs. Belusko et al [10] made an experimental investigation in which the thermal resistance for the heat flow through a typical timber framed pitched roofing system was measured under outdoor conditions for heat flow up. The measured thermal resistance of low resistance systems such as an uninsulated attic space and a reflective attic space compared well with published data. Miranvillea et al [11] made an evaluation of the outdoor performances of a composite roof, composed of a corrugated iron rooftop, a radiant barrier and a ceiling made of wood, each component being separated by an air space. This assembly was mounted on a small-scale test cell, named Isotest, designed and set up for research purposes. Michels et al [12] presented a compact apparatus for the determination of the efficiency of insulation sheets based on the use of heat flux transducers. The system attempted to reproduce in a compact way the roof of a building submitted to solar radiation, and the heat exchange through convection and radiation. The constant temperature difference model shows as main characteristics simplicity and speed, where for each measurement a period of 15 min is necessary.
Research approach

The test chamber
A small-scale test chamber has been designed and constructed for the purpose of conducting experiments under various test conditions to evaluate various thermal insulation materials and techniques, and heating/cooling/ventilation technologies, etc. (Fig. 1) . The dimensions of the test room are 4m x 6m x 4m, and its roof is covered with roman tiles and a reflective insulation system. The total wall thickness consists of 90mm brick, 10mm air gap, 1mm or 2mm reflective insulation, 10mm air gap and 90mm brick (Fig. 2) . The walls can be coated internally and externally resulting in a total width ranging from 200mm to 240mm (including a 20mm thickness of the wall sheathingplaster on each side). Reflective insulation is a part of the test room wall construction (Figures 1-3) insulation material of the vertical wall construction in all directions (North, South, East, West). It is also temperature and water proofing element of the roof. Two doors are located in the north and southfacing walls, thus achieving the ventilation of the chamber. A small partition with the height of 1m is located adjacent to the north wall. The roof, constructed of roman tiles, is based on a wooden support which is protected through the application of reflective insulation and consists of the following layers: joists support of roof, wooden support with thickness 1015 mm, cleats of reflective insulation and tiles (wooden or other material e.g. plastic) with thickness 2x10mm, and roman tile. 
Experimental plan -Data acquisition
Temperature sensors connected to a data logging system were used for the evaluation of reflective insulation [13, 14] . The logging system had a 10 min recording frequency. The choice of recording frequency was based on the need to study such a slow phenomenon as the thermal behaviour of wall construction, and it is well accepted from other works [15] . Temperatures were measured at different levels inside and outside the test room as well as inside the wall construction as shown in Fig. 4 .
Thermocouples were put in those places so as to confirm uniformity (or the opposite) and to decrease error probability. Twenty four thermocouples (six for each orientation) were connected to four modules which transmitted the signals to a RS-232 converter connected with a PC. The K type thermocouples were placed at the middle of each orientation both at the outer and internal wall. Finally, a meteorological station equipped with components and sensors that measure wind speed, wind direction, rain gauge, air pressure, temperature, relative humidity, total solar radiation and diffused solar radiation, was installed focusing on the determination of the external environment thermal behaviour.
Results and Discussion
In this section, measurements inside and outside the test room wall construction, obtained during winter and summer period, are presented and discussed. During the experimental period, the meteorological conditions were characterized by clear sky, quite high temperature and low wind speed. The symbols IN and OUT in the following figures refer to the measured temperature at the inner (IN) and outer (OUT) surface of test chamber walls, respectively. The numbers 1,2,3 are defined in Fig. 4. 
Winter period
In Figs. 5-8 temperature curves for a typical winter day and for north, south, west, and east orientations are presented. The outer wall temperature ranges from 4 to 16 o C while the inner wall temperature remains quite constant from 10 to 12 o C depending on the orientation. This is due to reflective insulation, which during winter period permits heat reflection to the test room interior and thus heat remains in it causing the internal temperature stabilization and the respective decrease of thermal loads. The same behavior is noticed from the results of all test room orientations. In heat transfer by radiation the reflectivity increase creates higher thermal resistance as it decreases heat transfer through this mechanism. As heat transfer by radiation is a function of the fourth power of temperature the contribution of reflectivity increases as the temperature difference between the two sides increases. Therefore, as the temperature difference between the interior and the external environment increases the radiation thermal resistance increases. The heat transfer coefficient in the case of air flow between two parallel plates is defined from two different parameters, free convection and high wavelength radiation that depend on the increasing temperature difference. In the case of this reflective insulation application it is realized that:
• the reflective surface with reflectivity 0.93 0.95 decreases the heat transfer coefficient by radiation
• simultaneously it decreases free convection because of the distance decrease
• consequently, the reflective material decreases the total heat transfer in the second air gap because of decrease in emitted heat by radiation and the decrease in free convection
The above results in a decrease of temperature difference during temperature peaks (max and min environmental temperatures) and in a normalization when temperature difference at both sides is minimized. Thus, at the interior a quite smaller temperature change is noticed in comparison with the outer environment. This may also happen in the case where insulation material is used. In our case, aluminum used as a conductive material developed a corresponding behaviour because of its high reflectivity and low emissivity (i.e., due to its reflective properties).
In Fig. 9 temperature curves for a typical winter week and for south orientation are presented. We notice that the inner wall temperature resists every change of the outer temperature even for a three days delay. This confirms the decrease of interior dependence on temperature at the exterior which is due to the reflective property of the material used. This takes place to all directions to and from the chamber interior. Even in the case that the environmental temperature shows very low values (-3 o C) the same time the interior wall has a temperature of +4 o C, which is 7K higher. This brings instantaneous energy conservation (for the period of the very low environmental temperature) of about 30% if the interior temperature of 20 o C is taken into account.
Summer period
In Figs. 10-13 temperature curves for a typical summer day and for north, south, west, and east orientations are presented. During the summer period, despite the external wall's high temperature variations, the temperature change at the internal walls and inside the test room is quite mild.
As it is shown in Fig. 10 temperature at the surface of the external wall of the test room ranges from 17 o C early in the morning to about 32 o C at 15:00-16:00 in the afternoon. However, temperature at the surface of the internal wall of the test room is about 23-27 o C during the whole day causing a decrease in the required loads for the test room air conditioning. This is mainly due to the existence of reflective insulation which during summer period deters the overheating at the interior of the test room. When solar radiation falls on to a non-transparent surface, like the test room walls, the outer surface absorbs a part of the radiation which is transformed to heat. A part of the heat is re-emitted to the outside while the rest is driven through the wall to the test room interior with a rate depending on the thermal characteristics of the wall construction materials. Because of the reflective insulation characteristics a better attenuation of temperature variations is achieved and a normal behavior in temperature variation through the wall construction is noticed. This is due to the time duration between the peak of the outside temperature (about 19:00) and the peak of the inside surface temperature (about 21:00). Actually, a time delay of two hours means that the test room wall construction materials will start to reject heat to the test room interior during the night (when there is a demand for heating during the winter or when room cooling is feasible through ventilation during summer). In light constructions there is a small time delay and thus outside temperature variations become tangible at the building interior quite quickly. It is worthwhile to mention that the maximum temperature of the inner building construction element shows its maximum value at the time that it is in equilibrium with the environmental temperature, following which the environmental temperature quickly becomes lower than the inner wall temperature. This can facilitates the application of free cooling and ventilation systems using environmental air immediately after that moment, resulting in a higher decrease of summer cooling loads and of interior temperature. The same effect can be noticed in Figs. 11, 12 , 13 that show the inner and outer wall temperatures for various orien- tations. It is characteristic that the high morning temperatures of the east outer wall or the respective temperatures during afternoon at the west outer wall do not influence essentially the inner wall temperatures. Namely, the small disturbances of the daily variation do not influence the summer cooling loads which, as concerns the environmental parameter, become zero or negative. In Figures 10-13 , it is also shown the time shift of maximum loads, Pt, as it is expected from the operation of insulation material.
Based on the existing measurements during summer period the calculated loads are 50W/m2. The latter will increase if internal loads (e.g. heat production from activities) will be taken into account. In case of reflective insulation application during night hours the application of free cooling may cause heat decrease which is stored inside the building construction thermal mass which results in the absorption of those internal loads.
During the night, air temperature at the test room interior is higher in comparison with the outside temperature and there is a heat flow to the outside causing the decrease of the wall temperature together with the temperature at the room interiors. Consequently, at the next day, the room becomes quite cool so as to be able to absorb again the undesired heat. The same behavior is noticed from the results of all test room orientations. In Fig. 14 temperature curves for a typical summer week and for south orientation are presented confirming the same behavior that was discussed above. Finally, in Fig. 15 the heat flux through the test room south wall (summer period) that was calculated based on the experimental temperatures of the inner and outer wall surfaces is compared for three cases. In the first case, the wall is the existing situation with the reflective foil (as shown in Fig. 2 ) and the overall heat transfer coefficient U has been computed to 1.605W/m2K without considering the convection resistances at the inner and outer sides of the wall. In the second case, the computed heat flux refers to the same wall without reflective insulation that has been replaced by conventional thermal insulation with k=0.035W/mK and width 0.022m that achieves the same U value with the first case. In the third case, the calculated heat flux refers to the same wall without reflective insulation that has been replaced by air with h=5.4W/ m2K and the calculated U value is equal to 4.804W/m2K. The decrease of U value in the first case with reflective insulation is due to the respective decrease of overall heat transfer coefficient at the reflective insulation and air gaps areas as it has been explained at the beginning of this section.
Conclusions
The possibility to exploit reflective insulation in climatic zone B of Greece has been investigated focusing on the improvement of building energy efficiency. Results show that during winter period reflective insulation permits heat reflection to the test room interior and thus heat remains in it causing the internal temperature stabilization and the respective decrease of thermal load. During summer period reflective insulation deters the overheating at the interior of the test room, a better attenuation of temperature variations is achieved and a normal behavior in temperature variation through the wall construction is noticed.
